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ABSTRACT: Previous studies employing the male aromatase
knockout (ArKO) mouse have indicated that local expression of
estrogens appears to be important for the progression of sper-
matogenesis. In the absence of estrogen biosynthesis round sper-
matids are observed to undergo apoptosis and thus fail to differ-
entiate into mature, elongated spermatids. This lesion appears to
arise between the ages of 18 weeks and 1 year. To ultimately
determine if the disruption to spermatogenesis arises earlier than
18 weeks, we performed an intensive study to examine the fertility
of younger male ArKO mice. This involved an analysis of their mat-
ing capacity together with an extensive stereological analysis, de-
termination of the in vitro potential of mature sperm, and sexual
behavior. ArKO and wild-type (w/t) males at 7 weeks of age were
placed with w/t females for 7 weeks. At age 14 weeks, the males
were killed and the testes removed. ArKO mice were observed to
sire significantly fewer litters than the w/t mice; 5 out of the 10
sired no litters at all. Stereological analysis performed on the re-
moved testes found a significant decrease in round spermatid

numbers between w/t and ArKO mice at this age; however, there
were no differences in all other germ cells and Sertoli cell numbers.
When mature spermatozoa were analyzed, sperm from 15-week-
old ArKO mice had a significant reduction in motility. This was fur-
ther reduced by 1 year of age with a decrease in concentration. A
preliminary examination of sexual behavior found that ArKO mice
did not attempt to mount the females, in contrast to the w/t mice,
which mounted consistently during the time period. In conclusion,
we observed that ArKO mice have reduced fertility at age 14
weeks. This may be due in part to a disruption in spermatogenesis
because the phenotype does appear to arise earlier than 18
weeks, possibly leading to abnormalities in the mature spermato-
zoa. Or, in part, this may be attributable to an impairment in the
development of copulatory behavior, which is consistent with the
available evidence that points to a crucial role for estrogens in the
neural development and initiation of male sexual behavior.
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he role of estrogens in male reproduction, particularlynumber of round and elongated spermatids, and appears
testicular function, has only recently begun to be un-to be due to specific lesions in early round spermatid mat-
derstood. This current influx of knowledge is due largelyuration, leading to an increase in germ cell apoptosis.
to gene targeting technology, which has created modelStudies have shown that aromatase is expressed in high
designed to elucidate estrogen action. One of these modevels at the site of disruption, in late pachytene sper-
els, developed in our laboratory, is the aromatase knockmatocytes and early round spermatids (Nitta et al, 1993).
out (ArKO) mouse (Fisher et al, 1998). These ArKO micelt is these germ cells that are known to express estrogen
lack a functional aromatase cytochrome P-450 enzymeaeceptor3 (ERB) in the rat (Herbosa et al, 1996; Enmark
and thus are unable to catalyze the conversion of C18t al, 1997; Saunders et al, 1998; van Pelt et al, 1999),
steroids (androgens) to C18 steroids (estrogens). Our rérowever, information ascertained from mice that are ho-
cent results (Robertson et al, 1999) suggest a role fomozygous for a deletion in FR(BERKO) show that they
estrogens in spermatogenesis. We observed that initiallyemain fertile (Ogawa et al, 1999). In contrast, nullifying
spermatogenesis progresses normally, but disruptions agRa («ERKO), which does not appear to be expressed in
pear to develop between 18 weeks and 1 year of ageéhe germ cells, has established that estrogen does play an
although younger animals were not analyzed. This disimportant, albeit indirect role in fluid reabsorption at the
ruption is characterized by a significant decrease in theite of the efferent ducts of the testis (Eddy et al, 1996;
Hess et al, 1997; Lee et al, 2000).
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Sachs, 1994). In fact, estrogen is synthesized locally ifop 1047) andXhol (bp 1210) sites is crucial for enzyme func-
the sexually dimorphic neurons of the rodent medial pretion (Graham-Lorence et al, 1995), and is highly conserved
optic area, the site implicated in the control of sexual@cross species (Simpson et al, 1997).

behavior, in higher levels in the male than the female (forl\/louse Chow

a review see Hutchison, 1997). This is demonstrated by )
the discrete localization and activity of the enzyme al,O_Glen Forrest Stockfeedfers _(Glen Forrest, Western Austre_llla)
matase cytochrome P-450 in rat (Tobet et al, 1985: I_(:)[nanufactured a gamma-irradiated mouse chow, which contained
phart et al, 1992; Roselli and Resko 1993) mouse (Beye'?O soy products.

et al, 1993; Karolczak et al, 1998), ram (Roselli et al, Animals
1998), and quail brain (Balthazart et al, 1990b; Balthazar})\rKO and wild-type (w/t) mice were housed in a 12-hour light/
and Surlemont, 1990)', L . dark cycle in the Specific Pathogen Free facility at Monash Med-
Estrogen biosynthesis is vital in the perinatal stage Ofca| centre Animal House, and were fed a soy-free mouse chow
development if masculine-type sexual behavior is to bey Jibitum. All experiments were approved by the Animal Ex-
exhibited in adulthood (Roselli and Resko 1993; Negri-perimentation Ethics Committee at Monash Medical Centre.
Cesi et al, 1996; Hutchison et al, 1997). Treatment withMale w/t and ArKO mice at age 50+( 1) days were obtained
an aromatase inhibitor (Balthazart et al, 1990a; Gonzalefrom the same colony. They were housed with either a known
and Leret 1992; Houtsmuller et al, 1994) or removing thefertile heterozygote or wit female, one breeding pair per cage,
ability to synthesize estrogens during this period (Honddor S0 days ¢ 1), and the number of litters and pups were
et al, 1998) results in a significant reduction in copulatorydocumented. Male mice were killed at the end of the breeding
behavior in adulthood, which is explicable in terms of P€"0d:
preventing thls-testosterong conversion. However, estrosyiection of Tissue and Stereology
gen synthesis is also required in adulthood for the con- . . . .
tinual display of sexual behavior in response to femaIeThe .testes were dissected out, fixed, stained, and examined as
. . . ' ; reviously reported (Robertson et al, 1999).
stimuli. Castrating mature males or treating them with anp
aromatase inhibitor leads to a failure to mount in manySperm Data
species, |ncIud|n_g quail (Alexandre and Balthazart 1986\t and ArKO mice at ages 15 weeks and 1 year were killed
Watson and Adkms—Regan 1989; Balthazart et al, 1990a)ng epididymides removed. Spermatozoa were extracted as de-
mouse (Wallis and Luttge 1975; Clemens and Pomerantzcriped (Lacham-Kaplan and Trounson, 1993), then analyzed for
1982; Wee et al, 1988), rat (Clancy et al, 1995), ramconcentration, motility, and in vitro fertilization potential. Brief-
(D’Occhio and Brooks, 1980), boar (Parrott and Booth,ly, after removal of the cumulus mass, oocytes were fertilized
1984), and ferret (Carroll et al, 1988). Treatment withwith spermatozoa. If a spermatozoon was present under the zona
either estrogens or aromatizable androgens, in the case p#llucida these were then observed for a second polar body and
castration, restores this behavior. 2 pronuclei to verify that fertilization was successful. These were

To further investigate the disruption to spermatogenesi§'e" observed every 10-14 hours for development to the blas-
and to decipher if it arises earlier than 18 weeks of age©cYst Stage:
we characterized younger ArKO mice (14 weeks) for theiry 50 Sexual Behavior
T e sEper o030 0 -  and KD (1 )i a s 121wk o

. ! he breeding experiment were removed from their cages and ob-

sexual behavior. We Obs‘?”’ed that spermatogene_S|s dogé'ved for mounting behavior. Known fertile female w/t mice
not progress normally in the 14-week-old animals,om the ArkO colony) were ovariectomized and injected in-
through disruptions in sperm development. We thereforgaperitoneally with 1qug estradiol 48 hours before the test, then
suggest that the phenotype can arise earlier than 18 week&h 500 pg progesterone 4—7 hours before test (Ogawa et al,
and suggest that male ArKO mice may sire fewer litters1998). All tests were performed during the dark phase. Male
due to disruptions in either spermatogenesis or mountingice were placed in a viewing cage where they remained for 5
behavior. minutes to adjust to their new surroundings before the female
was introduced. An infrared illuminator, using 10 infrared LEDs
(light emitting diodes [MS-1570B]) mounted on a perspex strip
(assembled by authors), was used to illuminate across the cage.
This was attached to a MOD-BW miniature video camera (Go
. . Video N266, Tandy Electronics, Perth, Australia) which was
Generation of ArKO Mice used to film the mice for 20 minutes. For each male the number
The method used for targeted disruption of the aromatgsk of mounts, mount latency, and general behavior was recorded,
gene has been described elsewhere (Fisher et al, 1998). Brieflgnd the tapes were viewed if further examination was required.
exon 9 was selected for disruption by insertion of the neomycinf the female appeared to be unresponsive, she was replaced with
resistance gene, because the coding region betweefctiRV another female in the viewing cage.

Materials and Methods
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Table 1. Fertility* Table 2. Sperm data*
Time to Sperm Concentration
Number of First Litter (number/mL) Sperm Motility
Animals Litters (Days) (X 10°) (%)
w/t (n = 8) 175+ 0.3 33.88 £ 35 wi/t 15 wk 59.3 = 19.1 810+ 4.1
ArKO (n=14) (n=14)
(n=10) (5 1.20 + 0.2t 28.20 + 3.3 ArkO 15 wk 65.1 + 7.5 67.5 = 1.71
) 0 (n=171) (n=6)
- - - witly
* Male mice at age 50 (= 1) days were placed with known fertile fe- 416 + 10.6 720+ 2.0
males for 50 days. Five out of the 10 ArKO breeding pairs sired signifi- N P
cantly less litters than wit, the remaining pairs sired no litters. Results ~ ATKO 1y (n=15) (n=15)
are shown as mean = SEM. 10.75 = 5.6t 24.0 + 134t
P < .05. (n=5) (n=15)
* At 15 weeks, ArKO sperm concentration is unaffected, however, they
Statistical Ana/ys/s have decreased motility. By 1 year of age ArKO sperm is present in a

much lower concentration and the motility is severely compromised. Re-
All data were analyzed with thE-test to determine normality, sults are shown as mean + SEM.

and the appropriatetest was applied at the level of 5% K TP <.05
.05). Data are expressed as meanSEM.

or lumen between the normal-appearing ArKO and wit

Results mice (data not shown). However, the 14-week-old animal
that presented with severe disruptions to spermatogenesis
Fertility showed a significant increase in testis interstitial volume.

Wi/t males (n= 8) at the age of 14 weeks sired an averageTesticuIar weight did not differ between the 2 groups.
of 1.75 ( 0.3) litters in the 50 days (Table 1). However, o
the ArKO mice (n= 10) had reduced numbers of litters. Sperm \//ab.///ty o o

Five out of the 10 sired 1.2+ 0.2) litters, significantly 10 determine whether the reduction in fertility of the
less than the w/t mice, whereas the remaining 5 sired n67KO animals was due to the viability of the mature sper-
litters. There were no differences in the number of daygnatozoa being compromised, we performed an in vitro
until the first litter between the wit and ArKO mice, nor analysis of the sperm (see Table 2). The 15-week-old

in the number of pups per litter (data not shown). ArKO males had normal sperm concentrations but de-
, creased motility. However, sperm from 6 out of 7 ArKO
Germ Cell and Sertoli Cell Numbers mice were able to fertilize oocytes in vitro (data not

Quantitation of cell numbers with the optical dissectorshown). This is in contrast to 1-year-old ArKO males
technique revealed that the numbers of spermatogonidyhose sperm were unable to fertilize in vitro. This ap-
spermatocytes, and elongated spermatids did not diffgpears to be associated with a significant decrease in sperm
between the 14-week-old w/t (s 12) and ArKO (n=  concentration and motility (Table 2).

10) mice (millions of cells per testis: spermatogonia, 4.21 .

+ 0.3 vs 4.14+ 0.4; spermatocytes, 25.841.5 vs 26.92  oexual Behavior

+ 2.3; and elongated spermatids, 41.942.5 vs 37.04 Sexual behavior appeared normal in the w/t male animals
+ 3.8). However, there was a significant decrease it ages 12-14 weeks, in that they approached the female,
round spermatids (42.86 3.0 vs 38.40+ 1.09 million  repeatedly sniffed the anogenital region, and then mount-
per testisP = .05). Further analysis noted that one ArkO ed an average of 11(1.9) times in 20 minutes (Figure).
mouse, which presented with the disrupted phenotype, exthe first mount occurred within only 4.4%(1.3) minutes
hibited very few round and elongated spermatids, whereagnd each subsequent mount occurred regularly, with a la-
2 others had obvious disruptions to the spermatogenitency period of 1.3£ 0.2) minutes. In contrast, the ArKO
process, from missing an entire class of germ cell (eithemice demonstrated impaired mounting behavior. When
spermatocytes or round spermatids), to spermiogenic aplaced with the females, males immediately interacted

rest. Sertoli cell numbers were unchanged between the wyith the female and appeared to sniff her genital area,
t and ArKO mice (3.62+ 0.1 vs 3.77+ 0.4 million per  similar to the w/t males. However, this soon ceased and

testis). the male withdrew. No attempt to mount was initiated
L . from any of the 4 males.
Quantitative Histomorphometry We also studied 1-year-old males and found that no

Using stereological methods, no changes were observe®KO males (n= 4) mounted in the 20-minute time pe-
in the volumes of seminiferous epithelium, interstitium, riod. However, there was also an impairment in the ability
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° a 8 b no difference in the mean number of spermatogonia, sper-
matocytes, elongated spermatids, as well as Sertoli cells.
However, there was a significant decline in the number
4 of round spermatids. This led us to the conclusion that
spermatogenesis was not progressing normally at 14
weeks in the 11 ArKO animals. Further histological anal-
0| 0. ysis identified 3 animals that had clearly begun to present
with a disrupted phenotype. One animal exhibited severe
¢ B e disruptions with no elongates present; therefore, passage
through spermatogenesis was impaired at the early round
(I Ao spermatid/late spermatocyte stage, as is the case with old-
er ArKO males. Also, the interstitial volume was in-
creased in this testis, most likely due to Leydig cell hy-
pertrophy. Two others exhibited various spermatogenic
disruptions. Therefore, the decrease in fertility observed

Behavioral data. The w/t males at age 12—14 weeks mounted (a) 11 + with the ArKO males may be attributable to a defect in
1.9 times within (b) 4.41 (+ 1.3) minutes until the first mount and (c) with spermatogenesis.

a 1.37-minute (+ 0.2-minute) latency between mounts. In comparison, . .
no ArKO males were observed to mount. Results are shown as mean * The one difference, however, between this study and

SEM. our previous one (Robertson et al, 1999) is that these
animals were fed a diet containing no soy. There have
been numerous studies concerned with the role of exog-

of the 1-year-old w/t males (& 4) to mount, with only  enous estrogens on the male reproductive tract (Sharpe

2 mounting (data not shown). and Skakkebaek, 1993; Santti et al, 1998). The presence

In conclusion, the 4 males tested did not attempt taof phytoestrogens in the diet was also reported to have
mount females. Out of these 4, only 1 sired no litterssignificant effects on the reproductive potential of adult
whereas the other 3 appeared to be fertile. None of thes@ales (Whitten and Naftolin, 1998). Because it appears

4 presented with the phenotype. However, the animal withhat the onset of the ArKO disruption can occur over a

the severe disruptions did not sire any litters, whereas theroad range of ages when influenced by the presence of

other 2 did produce pups. Therefore, the fertility of theestrogenic substances in the diet, the role of phytoestro-
male ArKO mice may be in part attributable to abnor-gens are currently being further examined.

malities in either mounting or spermatogenesis, but most Mature spermatozoa were analyzed for their ability to

probably not both. fertilize oocytes in vitro and to instigate development past
the zygote stage. There was no difference between 15-

] _ week-old w/t and ArKO animals in this respect. However,

Discussion sperm from 1l-year-old animals was compromised and un-
able to fertilize oocytes (data not shown), which is con-

We have previously established that aromatase appears sestent with the spermatogenic phenotype of these animals

have a specific role in spermatogenesis (Robertson et glRobertson et al, 1999) and with the decreased sperm con-

1999). Without estrogen synthesis, germ cells are obeentration and motility (Table 2). This finding differs from

served to undergo apoptosis and, as a consequence, fiibse observed with theERKO mice in which the sperm

to form mature, round spermatids. However, this lesiorare incapable of fertilization at this young age. However,

appeared to develop between the ages of 18 weeks andsimilar to theaERKO males, the sperm of our mice were

year. To further analyze the late onset of this spermatoless motile at 15 weeks of age (Eddy et al, 1996). As the
genic phenotype, we undertook the same intense stereérKO mice age, the ability to fertilize declines, which
logical analysis on younger, 14-week-old mice, in con-may correspond with the late-onset disruptions observed

junction with an extended analysis of their fertility, in- in spermatogenesis (Robertson et al, 1999).

cluding mating capacity, in vitro spermatozoa capabilities, One explanation for the significant decrease in fertility

and sexual behavior. We observed that male ArKO miceve observed with the younger ArKO males could be an

at age 14 weeks sired significantly fewer litters than theiimpairment in copulatory behavior. In fact, our prelimi-

w/t colony mates; in fact, half of the ArKO males sired nary examination of the sexual behavior of these mice,

no litters at all. Stereological analysis of the volume ofand that of Honda et al (1998), found that they appeared

the testicular compartments (lumen, interstitium, ando have an inability to initiate mounting. This compared
seminiferous epithelium) revealed no morphological dif-with w/t males, which mated readily with sexually recep-
ferences between genotypes. Further examination showeide females. Considering past literature on male sexual

Number of mounts
(/20 min)

Time to first mount

wn

{min)

Mount latency
o
o

ol
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behavior, which emphasizes the importance of estrogematozoa. Conversely, the reduction in fertility could be
synthesis locally in the medial preoptic area during de-attributable to a severe impairment in copulatory behav-
velopment, this inability to display masculine-type sexualior. In conclusion, these results indicate that estrogen ap-
behavior is not unexpected (Meisel and Sachs, 1994). Howpears to play a crucial role in many areas of male repro-
ever, a more specific study is required to fully determineduction, however, its exact function remains to be eluci-
which aspect of sexual behavior may be disrupted in thelated.
ArKO mice. When observing their behavior, following
being placed with a hormonally primed female, we found
that they initially approached the receptive females; howACkn0W|edgmem
ever, compared with the w/t males, they appeared more
hesitant and may have been curious rather than sexualg1e a“r‘]hsrsf ‘har_‘tk /(*:'Iextcze(/"_"i?s'_‘i "Xm t‘hel D‘ipatr:]mem Offpsyc_ho'og%
motivated. The mice then undertook what appeared to b 0;;?0 e bobeoral udiee | Srala, Torihe se ot equipmen
a nonsexual partnership.
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